DNA methylation labels a specific subset of genes in plant genomes. Recent work has shown that this gene-body methylation (gbM) is a conserved feature of orthologs, because highly methylated genes in one species tend to be highly methylated in another. In this study, we examined the exceptions to that rule by identifying genes that differ in gbM status between two plant species-Arabidopsis thaliana and Arabidopsis lyrata. Using Capsella grandiflora as an outgroup, we polarized the loss and gain of gbM for orthologs in the Arabidopsis lineage. Our survey identified a few hundred genes that differed between ingroup species, out of $9,000 orthologs. The estimated rate of gbM gain was $2 Â 10 À9 per gene per year for both ingroup taxa and was similar to the loss rate in A. lyrata. In contrast, A. thaliana had a $3-fold higher estimated rate of gbM loss per gene, consistent with a recent diminishment of genome size. As in previous studies, we found that body-methylated genes were expressed broadly across tissues and were also longer than other genic sets. Genes that differed in gbM status exhibited higher variance in expression between species than genes that were bodymethylated in both species. Moreover, the gain of gbM in one lineage tended to be associated with an increase of expression in that lineage. The genes that varied in gbM status between species varied more significantly in length between species than other sets of genes; we hypothesize that length is a key feature in the transition between bodymethylated and nonmethylated genes.
Introduction
Organisms use epigenetic modifications to control the packaging of their genetic material. These modifications affect chromatin density and ultimately either permit or prevent access of transcriptional machinery to chromosomal regions. One of these epigenetic modifications is cytosine DNA methylation. In plants, cytosines are methylated in three nucleotide contexts-CG, CHG, and CHH, where H ¼ A, T or C. Methylation in each context is controlled by mostly independent molecular mechanisms (reviewed in Matzke and Mosher 2014; Du et al. 2015) . In the symmetric CG and CHG contexts, METHYLTRANSFERASE 1 (MET1) and CHROMOMETHYLTRANSFERASE 3 (CMT3) maintain methylation through cell divisions (Matzke and Mosher 2014; Du et al. 2015) . Most nonsymmetric CHH methylation is not maintained during cell division but instead initiated de novo either by a suite of enzymes involved in the RNAdirected DNA methylation (RdDM) pathway or by CHROMOMETHYLTRANSFERASE 2 (CMT2). Methylation in all three contexts is common in transposable elements (TEs; Cokus et al. 2008; Lister et al. 2008; Feng et al. 2010; Zemach et al. 2010) , where it functions to silence TEs transcriptionally (Singer et al. 2001; Kato et al. 2003; Kakutani et al. 2004) .
Genes are also methylated in plant genomes, but genebody methylation (or gbM) differs markedly from TE methylation. While most TEs are methylated, most genes are not; only $20% of A. thaliana genes contain CG methylation at levels higher than the genomic background (Takuno and Gaut 2012) . TEs and genes are also methylated differently; TEs tend to be methylated in all three contexts, but gbM primarily affects the CG context. [Note, however, that the pattern of gbM does vary among plant genes and species (Gent et al. 2013; Niederhuth et al. 2016; Takuno et al. 2016 ).] Finally, while the molecular mechanisms that contribute to methylation in TEs have been characterized in detail, the mechanism(s) that contribute to gbM methylation are not yet fully elucidated.
The current molecular model for the deposition of gbM is based on a feed-forward loop between two chromatin remodelers: CMT3, which preferentially methylates cytosines in the CHG context, and the H3K9 histone methyltransferase KRYPTONITE/SUVH4 (KYP) (Saze and Kakutani 2011; Inagaki and Kakutani 2012) . This model posits that the methyltransferase activity of KYP is countered by the histone demethylase INCREASE IN BONSAI METHYLATION 1 (IBM1) (Saze et al. 2008; Miura et al. 2009 ). The IBM1 locus encodes a protein that not only demethylates H3K9 histones but also has an effect on CHG methylation, because both H3K9 and CHG methylation accumulate within genes in ibm1 mutants (Saze et al. 2008; Miura et al. 2009 ). In addition Article ß The Author 2017. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com to depositing CHG methylation, CMT3 apparently causes residual CG methylation that is not removed by IBM1. Once this residual genic CG methylation accrues, it is then maintained by MET1 and its cofactors VARIANT IN METHYLATION 1, 2 and 3 (VIM1-VIM3) (Stroud et al. 2013 ). This CMT3-KYP model is supported by the observation that two plant lineages have independently lost both CMT3 and gbM (Bewick et al. 2016) .
Although there has been progress on the potential mechanism that deposits gbM marks, the evolutionary dynamics and functional consequences of gbM remain enigmatic for three reasons. First, it has been clear for some time that plant species do not require extensive gbM to function, because two lower plants (the bryophyte Physcomitrella patens and the spikemoss Selaginella moellendorffii) have low levels of gbM (Zemach et al. 2010 ). More recently, it has been shown that the earliest branching land plant (Marchantia polymorpha) has no apparent history of gbM ) and that two Brassicaceae species also apparently lack gbM (Bewick et al. 2016) . In contrast to these observations, evolutionary studies indicate that gbM arose $1.6 billion years ago, sometime prior to the divergence of plants and animals (Feng et al. 2010; Zemach et al. 2010) . Thus, gbM is a paradox: It is a long-standing characteristic of eukaryotic genomes, but some land plants apparently lack it.
The second enigma is that the level of gbM is conserved between orthologs (Takuno and Gaut 2013; Seymour et al. 2014; Takuno et al. 2016) . For example, highly methylated genes in rice (Oryza sativa) also tend to be highly methylated in Brachypodium distachyon (Takuno and Gaut 2013) , two species that diverged $40-53 Ma (Vogel et al. 2010) . The conservation of gbM levels is surprising in part because DNA methylation is mutagenic. Methylated cytosines deaminate quickly, leading to elevated rates of C to T transitions and the loss of CG dinucleotides that are methylated (Bird 1980; Duncan and Miller 1980) . Hence, gbM levels are conserved across orthologs despite the fact that individual CG dinucleotides are not, indicating that conservation of gbM between orthologs is not a simple property of sequence content and conserved CG sites (Takuno and Gaut 2013) .
The third mystery concerns the relationship between gbM and gene expression. gbM is positively correlated with expression in most species, but the relationship is not strictly linear. Genes with high levels of gbM tend to be moderately expressed and also expressed across many tissues (Zhang et al. 2006; Zilberman et al. 2007; Feng et al. 2010; Zemach et al. 2010; Coleman-Derr and Zilberman 2012; Takuno and Gaut 2012) . Genes that lack gbM have a wider variance in expression level, such that the most highly and most lowly expressed genes in the genome tend to lack gbM (Zhang et al. 2006) . The underlying cause(s) for this complex relationship is unclear, but one possibility is that gbM stabilizes gene expression by excluding histone H2A.Z (Zilberman et al. 2008; Coleman-Derr and Zilberman 2012) . Alternative functions for gbM have been suggested, including a role for limiting transcription initiation from intragenic promoters (Zilberman et al. 2007; Maunakea et al. 2010) or for facilitating splicing (Lorincz et al. 2004; Shukla et al. 2011) . The evidence for any of these functions is limited (Jones 2012; Diez et al. 2014; Kim and Zilberman 2014; To et al. 2015) , if indeed gbM has a function.
Our current state of knowledge is that most plants have gbM in a subset of genes and that many of these genes exhibit conserved relative levels of methylation over long expanses of evolutionary time (Takuno and Gaut 2013; Seymour et al. 2014; Niederhuth et al. 2016; Takuno et al. 2016 ). The salient question from an evolutionary standpoint is whether this conservation is indicative of selective constraint on gbM function. If gbM is retained over long evolutionary periods by selection to maintain transcriptional levels of particular genes, then mutants that lack gbM should demonstrate shifts in gene expression. But this is not the case. Instead, only modest global shifts in expression have been reported in gbM mutants (Zilberman et al. 2007) , and gene expression does not differ substantially between Brassicaceae species with and without gbM (Bewick et al. 2016) . Nonetheless, shifts in gbM levels have been implicated with subtle, but significant, changes in expression due to environmental shifts and/or gene duplication events (Dubin et al. 2015; Wang et al. 2015) , suggesting that gbM levels respond to natural selection.
Given the mysteries of gbM and the fact that gbM is typically conserved between orthologs, our goal here is to focus on the exceptions. That is, we investigate evolutionary and functional features of the subset of genes that vary in gbM status between species. Our rationale is that these variable genes may help us characterize fundamental features of gbM, including potential effects on gene expression. To find these genes, we have utilized a simple phylogenetic approach based on three recently diverged Brassicaceae species (Foxe et al. 2009; Guo et al. 2009; Slotte et al. 2013) : Arabidopsis thaliana and Arabidopsis lyrata, representing ingroups, and Capsella grandiflora, the outgroup. After identifying 1:1:1 orthologs between species, we have assessed the gbM status (i.e., methylated or unmethylated) of each gene in each lineage. As expected from previous work (Seymour et al. 2014 ), we find that individual genes are highly conserved among species in their overall gbM levels, but we also find hundreds of genes that differ in gbM between the two ingroup species.
With this set of genes in hand, we focus on the following questions. First, what is the evolutionary rate at which genes shift between methylated and unmethylated states? Second, do any features predispose genes to vary in gbM status between species? Third, do shifts in gbM correlate with shifts in expression? If so, we predict that those genes that differ in gbM status between species should vary more widely in gene expression between species than genes with conserved gbM status. Finally, we demonstrate that both functional and silent sites of gbM genes are under strong negative selection.
Results

Patterns of gbM between Arabidopsis Lineages
To investigate the evolutionary dynamics of gbM, we focused on three Brassicaceae species: C. grandiflora, A. lyrata, and Takuno et al. . doi:10.1093/molbev/msx099 MBE A. thaliana. In addition to published surveys of genome-wide DNA methylation in A. thaliana (Moissiard et al. 2014) and A. lyrata (Seymour et al. 2014) , we generated genome-wide bisulfite sequencing (BSseq) data for C. grandiflora to use as an outgroup (see supplementary fig. S1A, Supplementary Material online and "Materials and Methods" section). BSseq data from each species were aligned to the appropriate reference genome, and methylated cytosine residues were identified using a binomial test (Lister et al. 2008 ; see "Materials and Methods" section). Overall, genomic methylation levels were similar to those found in previous studies, with the highest levels found in A. lyrata in all three nucleotide contexts (table 1 and supplementary fig. S1B , Supplementary Material online) (Cokus et al. 2008; Lister et al. 2008; Seymour et al. 2014) .
We focused our analyses on DNA methylation within genic regions. As in previous studies (Cokus et al. 2008; Lister et al. 2008) , we found that the percentage of methylated cytosines at CHG and CHH sites (%mCHG and %mCHH) were much lower than genomic averages, supporting the fact that most gbM occurs at CG sites in these taxa (Seymour et al. 2014) (table 1 and supplementary fig. S1B and C, Supplementary Material online). We accordingly defined gbM as the methylation of cytosine residues at CG sites between the start and stop codons, including both exon and intron sequences. gbM levels in C. grandiflora and A. lyrata were similar to one another, but substantially higher than that of A. thaliana (table 1 and supplementary fig. S1B , Supplementary Material online).
To employ our phylogenetic approach, we first identified a set of 9,792 1:1:1 orthologs based on homology and collinearity (see "Materials and Methods" section). DNA methylation information was available for 9,221 of these orthologs in all three species, allowing us to investigate the gbM patterns at nearly 95% of orthologous genes. As expected (Seymour et al. 2014) , the level of CG methylation (%mCG) across all 9,221 orthologs was positively correlated between species. These correlations were highest between C. grandiflora and A. lyrata (r ¼ 0.823; P < 10 À5 by a permutation test), but the remaining comparisons were also highly significant [C. grandiflora-A. thaliana (r ¼ 0.744; P < 10 À5 ); A. lyrata-A. thaliana ( fig. 1 ; r ¼ 0.765; P < 10 À5 )] (supplementary table S1, Supplementary Material online). In contrast to %mCG, genic %mCHG and %mCHH correlations were much lower across orthologs (supplementary table S1, Supplementary Material online), implying that methylation in these two contexts was predominantly lineagespecific (Seymour et al. 2014; Takuno et al. 2016 ).
Rates of Gain and Loss of gbM
Since average gbM levels vary by species, we sought to classify each gene into one of three categories using a probabilistic approach developed previously (Takuno and Gaut 2012 ) (see "Materials and Methods" section). Focusing only on levels of CG methylation, genes were classified either as bodymethylated (BM), intermediately methylated (IM), or under-methylated (UM) in each species relative to the species-specific mean genic %mCG. Once categorized, we tallied genes that exhibited shifts in gbM classification between species. Unless otherwise noted, we ignored genes with IM status in all three taxa, since their gbM state was ambiguous. After excluding IM genes, 73.3% of orthologs (6,757 of 9,221) remained. We also excluded genes for which the status (BM or UM) of C. grandiflora differed from both Arabidopsis congeners, because these genes have an ambiguous ancestral state.
With the remaining 5,858 genes, we summarized the gbM status of ortholog trios into six discrete classes (table 2) . Orthologs with conserved methylation states in all three species were denoted as conBM and conUM genes, where "con" represents "conserved". The majority of trios (93% of 5,858) fell into these two conserved categories, indicating that shifts in gbM status are relatively rare (table 2) . However, a subset of 404 orthologs exhibited changes of gbM status between the two congeners.
For these 404 trios, we polarized gains and losses of gbM relative to C. grandiflora, an approach that implicitly assumes that multiple changes of gbM are rare. Given these polarizations, a similar number of genes exhibited gains of gbM in A. lyrata and A. thaliana (76 and 78, respectively), and we referred to these genes as "lineage-specific BM" genes (lsBM) genes (table 2 and fig. 1 ). We could also identify lineagespecific losses of gbM (lsUM); these were biased between Arabidopsis species, because A. thaliana lost gbM in $3 times more genes than A. lyrata (187 vs. 63). The biased loss of gbM in A. thaliana is consistent with an overall lower level of DNA methylation in this genome (Seymour et al. 2014) (table 1 and Given the number of genes with gbM gains and losses, we estimated rates of gain and loss of gbM in A. thaliana and A. lyrata by assuming that they diverged 13 Ma (Beilstein et al. 2010) (fig. 2) . In each species, the rates of gbM gain in A. thaliana and A. lyrata, as well as the rate of loss of gbM in A. lyrata, were $2 Â 10 À9 per gene per year (1.53 Â 10 À9 , 1.57 Â 10 À9 and 2.38 Â 10 À9 , respectively). These rates were not significantly different from each other, but the rate of gbM loss in A. thaliana was significantly higher (7.06 Â 10
À9
; fig. 2 ).
Properties of Lineage-Specific Genes
From previous studies, we know that A. thaliana BM genes tend to be long, functionally important and expressed in grandiflora is based on an estimate from C. rubella (Lysak et al. 2009 ) adjusted for relative genome size between C. rubella and C. grandiflora (Hurka et al. 2012 ).
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has not yet been investigated. We first investigated correlations between gene length and methylation levels within the set of orthologs. Gene length was strongly correlated with methylation level, as measured by the percent of cytosines methylated in the CG context, within both species (r ¼ 0.496, P < 10 À5 for A. thaliana; r ¼ 0.454, P < 10 À5 for A. lyrata by a permutation test). The correlation remained significantly positive, but was substantially lower, when only BM genes were considered (r ¼ 0.0998, P < 10 À4 for A. thaliana; r ¼ 0.104, P < 10 À4 for A. lyrata).
We then investigated gene length as a function of genic categories. The average gene length decreased by gbM category in both species, following a hierarchy of conBM > lsUM > lsBM > conUM ( fig. 3A) . In this hierarchy, the lineage-specific categories lsBM and lsUM differed significantly from both the conBM and the conUM categories ( fig. 3B ). One potential concern is that the relationship between length and gbM category was caused by statistical properties, specifically that short genes had too little methylation data for accurate categorization. To investigate this issue, we reclassified all genes based on a random subsample of 20 cytosines at CpG sites taken from each gene, which represented the minimum number of sites we required to include a gene in this study (see "Materials and Methods" section). In this reanalysis, only 0.026% of genes shifted categories from BM to UM or vice versa, and the relationship between length and gbM categories remained unchanged.
For completeness, we also investigated whether the hierarchical relationships among categories also applied to exon numbers and intron lengths. The results were qualitatively identical for both parameters-i.e., conBM > lsUM > lsBM > conUMin both species (supplementary fig. S2 , Supplementary Material online). Overall, the observed length hierarchy (i.e., conBM > lsUM > lsBM > conUM) implies a dynamic in which long genes tend to retain gbM, while relatively short BM genes have a higher probability of becoming UM in a lineage-specific fashion. Conversely, relatively long UM genes may be more likely to gain methylation and become lsBM genes.
We also examined variation in gene length between A. thaliana and A. lyrata. To do so, we calculated the signed MBE relative difference in gene length for each ortholog pair, such that dL ¼ (l 1 -l 2 )/(l 1 þl 2 ), where l 1 and l 2 are coding sequence length in A. thaliana and A. lyrata, respectively. The average dL value in A. thaliana and A. lyrata lsBM genes were 0.0188 and À0.0879, respectively. Remarkably, both of these values were significantly larger than conBM genes (-0.00735; P < 10 À5 by a permutation test in both species) and conUM genes (-0.00721; P < 10 À3 ). Hence genes with lineage-specific gbM were more variable with respect to gene length than either conBM or conUM genes, suggesting that lineage-specific gains and losses of gbM are associated with shifts in gene length.
By definition, we investigated shifts in gbM as changes in CG methylation. However, we found that a subset of lsBM genes also had increased %mCHG and %mCHH (supplementary fig. S3 , Supplementary Material online). While conBM genes rarely exhibited non-CG methylation, 46.1% and 42.3% of lsBM genes had higher methylation in either the CHG or CHH context than the average methylation levels in A. thaliana and A. lyrata. Lineage-specific shifts in %mCHG and %mCHH have been explained previously by TE insertions adjacent to genic regions (Seymour et al. 2014; Niederhuth et al. 2016) . We therefore searched for intragenic TE insertions as potential causes of gbM shifts between A. thaliana and A. lyrata. We found some examples where intragenic insertion may have driven a shift in gene length, because TE insertions were detected in 2.63% of lsBM genes in A. thaliana and 10.3% of lsBM genes in A. lyrata (supplementary fig. S4 , Supplementary Material online). These observations were not sufficient to explain all gbM shifts, but they are also likely to be an underestimate of the true proportion of changes in gene size caused by TEs (see "Discussion" section). We also investigated the type of TEs inserted intragenically, to see if they were biased for particularly TE types or families. There were no convincing trends across both species, but A. thaliana did have a tendency for enriched LINE/L1 and CMC_EnSPM elements within genes (supplementary fig. S5 , Supplementary Material online).
Finally, we examined the genomic distribution of "conserved" versus "lineage-specific" genes to see if they were obviously clustered along chromosomes. To do so, we calculated the number of either conUM or conBM genes that were located between two lineage-specific genes throughout the dataset of 9,221 orthologs. Under the null hypothesis that conserved and lineage-specific genes are distributed randomly, this number follows a geometric distribution. We could not reject the null hypothesis (v 2 test; v 2 ¼ 105.99; df ¼ 88; P > 0.1). Hence, we did not find any evidence that lineage-specific genes are clustered within genomes.
Expression Patterns of Conserved and Lineage-Specific Genes
Previous work has shown that the level of CG gbM is positively correlated with gene expression (Zhang et al. 2006 Takuno and Gaut 2012; Meng et al. 2016) . Hence, shifts in gbM status are expected to affect expression, but evidence to that end is lacking thus far. To test this expectation, we estimated expression levels of genes in both Arabidopsis species, using RNAseq data from Seymour et al. (2014) . From our set of 9,221 1:1:1 orthologs with methylation data, 8,295 of these gene sets had a log 10 RPKM ! 0.01 in both Arabidopsis species; these genes were the focus of expression analyses.
We first investigated the relationship between gbM status and expression levels within species. Previous work has shown A permutation test was used to evaluate significance, with Bonferroni correction: *P < 0.01, **P < 10 À3 , ***P < 10 À5 .
Lineage-Specific Gene-Body Methylation in Arabidopsis . doi:10.1093/molbev/msx099 MBE that BM genes tend to exhibit higher expression levels than UM genes (Zhang et al. 2006; Zilberman et al. 2007; Feng et al. 2010; Zemach et al. 2010; Takuno and Gaut 2012) . We detected this same tendency, because the average expression level of conBM genes was significantly higher than that of conUM genes (P < 10 À5 by a permutation test for both Arabidopsis species; fig. 4A ). In both species, lsBM and lsUM genes were expressed at lower average levels than conBM genes, but we found no significant difference in average gene expression levels among lsBM, lsUM, and conUM genes ( fig. 4A) .
If gbM and gene expression are causally related, lineagespecific genes should exhibit higher variation in gene expression between species than conserved genes. We therefore measured the absolute expression difference between A. thaliana and A. lyrata genes after read counts (log 10 RPKM) were normalized to a mean of 0 and variance of 1 within each species, where e 1 and e 2 are normalized expression levels in A. thaliana and A. lyrata, respectively. We then calculated the unsigned expression difference, je 1 -e 2 j. We found that the set of 350 expressed lsBM and lsUM genes exhibited larger absolute differences in expression (0.430) than most other ortholog sets ( fig. 4B ), including: (1) all the other genes (0.362; P < 0.01 by a permutation test), (2) all genes with conserved gbM status including conIM genes (0.374; P < 0.05), (3) conBM and conUM genes combined (0.377; P < 0.05) and (4) conBM genes (0.261; P < 10 À5 ) alone. However, lineage-specific genes were not more variable in expression than conUM genes (0.444, P > 0.2). We obtained qualitatively identical results when using the unsigned relative expression difference [je 1 -e 2 j/(e 1 þe 2 )] (not shown). These results indicate that shifts in gbM between A. thaliana and A. lyrata are associated with increased expression variability between species relative to most genes, but not compared with the set of genes that are unmethylated in both species.
We next sought to test whether changes in gbM impact gene expression in a directional manner. For this purpose, we used signed expression differences (e 1 -e 2 ), where positive values indicate that the expression level is higher in A. thaliana than in A. lyrata (and vice versa) ( fig. 4C ). The results indicated that conBM genes tend to be expressed at slightly higher levels in A. thaliana than A. lyrata (P < 10 À5 ), even after normalization ( fig. 4C ). When gbM was gained in A. thaliana, the average expression difference among lsBM genes was not significantly different than that of conUM genes ( fig. 4C ). However, expression levels decreased significantly for genes that lost gbM (lsUM) in A. thaliana ( fig. 4C) . Similarly, we examined the effect of shifts in gbM status along the A. lyrata lineage. Along this lineage, gains in gbM (lsBM) led to higher expression in A. lyrata relative A. thaliana, but the loss of gbM (lsUM) did not produce substantial shifts in gene expression.
We have shown that genes with lineage-specific shifts in gbM have two properties that differ from conBM genes: lineage-specific genes are shorter, on an average, and $40% also include detectable levels of CHG and/or CHH methylation. Both of these factors could be driving expression results, and we therefore repeated analyses while accounting for each.
FIG. 4. Gene expression in
Arabidopsis species as a function of gbM status. (A) The box plots show the distribution of expression levels (log 10 RPKM) for genes with different gbM statuses within A. thaliana (left) and A. lyrata (right). The middle bars in the boxes represent the average expression levels; the top and bottom of the boxes indicate interquartile distances, and whiskers denote the range. Significance was determined by a permutation test with Bonferroni correction: *P < 10 À3 , **P < 10
Graphs of the absolute expression difference, as described in the main text, between A. thaliana and A. lyrata. The categories are as in table 2, except that "Other than ls" includes all of the 9,221 orthologs except the 404 identified as lineage-specific in table 2 and "All con genes" includes the subset of genes conserved for BM, IM and UM status between species. The bar indicating average absolute expression differences are near to or at zero; the whiskers denote the standard error of the mean values. P values for comparisons between 350 expressed lineage-specific genes and other genic categories were determined by permutation tests. The P values are shown above the graph both with and without Bonferroni correction. (C) Signed expression differences between orthologous genes. A positive value on the y axis denotes higher expression in A. thaliana and a negative value indicates higher expression in A. lyrata. For the graph on the left, lsBM includes the 76 genes that gained BM in A. thaliana (table 2) , and lsUM includes the 187 genes that lost BM. For the graph on the right, lsBM includes the 78 genes that gained BM in A. lyrata (table 2), and lsUM includes the 63 genes that lost BM. Significant difference between categories was identified by a permutation test with Bonferroni correction: *P < 10 
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To account for gene length, we investigated the absolute differences in expression for the set of 350 lineage-specific genes against a randomly chosen set of 350 conBM genes with a similar length distribution. The results for absolute expression differences were unchanged from figure 4B, because conBM genes had lower average levels of expression differences between species (P < 10 À5 ). To account for CHG and CHH methylation, we removed lineage-specific genes with P CHG < 0.05 and/or P CHH < 0.05, resulting in a subset of 307 lineage-specific genes. Although the removal of genes undoubtedly affects statistical power, the general picture was similar-i.e., gene expression differences between species were similar for lineage-specific and conUM genes, but significantly higher than conBM genes (supplementary fig. S6 , Supplementary Material online).
Finally, we examined expression breadth across tissues for genes with and without gbM, as has been done previously (Zhang et al. 2006; Coleman-Derr and Zilberman 2012; Takuno and Gaut 2012) . Unfortunately, sufficient data were available only for A. thaliana. Using Affymetrix expression data from 55 tissues (Matsuda et al. 2010) , we calculated the entropy value for each gene as an index of expression breadth, following Zhang et al. (2006) . The larger the entropy value, the more broadly the gene was expressed. Overall, conBM genes exhibited significantly broader expression patterns than lsBM, lsUM and conUM genes (P < 0.01; supplementary fig. S7 , Supplementary Material online), but lsBM, lsUM and conUM genes did not differ significantly from one another.
Negative Selection Maintains the Nucleotide Sequences of BM Genes
We have shown that conBM genes tend to be longer than all other genes, to evolve more slowly than UM genes (Takuno and Gaut 2012) , and to exhibit fewer expression differences between species. All of these characteristics imply that negative selection acts more strongly on gbM genes, but previous work could not rule out the alternative possibility that mutation rates are lower in BM genes. If negative selections acts more strongly on BM genes, then the population dynamics of BM genes should differ from UM genes. To test this possibility, we investigated whole-genome polymorphism data from 80 A. thaliana accessions (Cao et al. 2011 ). We found that conBM genes tended toward lower silent nucleotide diversity (p) than conUM genes (P < 10 À5 by a permutation test; fig.  5 ). Further, the distribution of Tajima's D for conBM was skewed toward negative values relative to conUM genes (P < 10 À5 by a permutation test; fig. 5 ), indicating an excess of rare variants in conBM genes that is typically interpreted as stronger negative selection against new mutations. Hence, conBM genes appear to be subject to stronger negative selection than conUM genes, at least in A. thaliana.
Discussion
It has only recently become apparent that gbM is a conserved feature of specific genes, such that highly methylated genes in one plant species tends to be highly methylated in another (Takuno and Gaut 2013; Seymour et al. 2014; Niederhuth et al. 2016; Takuno et al. 2016 ). Here, we have taken a novel approach to study gbM by examining the exceptions to this rulei.e., the subset of genes that do not have conserved gbM characteristics between species. Our reasoning is that such an approach may provide unique insights into the dynamics of gbM and its potential effects, particularly on gene expression.
Few Genes Vary in gbM Status between Arabidopsis Species
Our first finding is that relatively few genes vary in gbM status between Arabidopsis species-i.e., hundreds and not thousands of genes (table 2) . This result requires some perspective, given that recent large-scale surveys suggest that there is ample intraspecific gbM variation among A. thaliana methylomes (Vaughn et al. 2007; Zhang et al. 2008; Becker et al. 2011; Schmitz et al. 2011 Schmitz et al. , 2013 Dubin et al. 2015; Kawakatsu et al. 2016 ). For example, Kawakatsu et al. (2016) have documented that 34% of 21,939 A. thaliana genes segregate for differentially methylated regions (DMRs) across >800 accessions, whereas we find that only $4% of genes (404/9,221) differ between species.
To compare our interspecific results to intraspecific analyses, one must pay attention to scale-i.e., DMRs versus genes. DMRs were initially defined as regions of DNA sequence in which methylation differences between samples were higher than expected at random (Lister et al. 2009 ), but more recent studies have used empirical methods, such as sliding windows, to identify DMRs. Unfortunately, empirical DMR methods often vary among studies; it is not always clear when a DMR corresponds to the original definition of nonrandom deviation; and some DMR implementations may have an unacceptable false positive rate (Roessler et al. 2016) . Moreover, most DMRs are a few hundred base pairs in length and do not cover an entire annotated feature (Schmitz et al. Lineage-Specific Gene-Body Methylation in Arabidopsis . doi:10.1093/molbev/msx099 MBE 2013; Dubin et al. 2015) ; hence they are not rooted to biological entities, such as a gene or a TE.
Methylome data from A. thaliana mutation accumulation (MA) lines provide a concrete example of variable results due to the analytical approach. Based on a set of eight methylomes, Schmitz et al. (2011) Schmitz et al. (2011) data were reanalysed using gene-based criteria, Takuno and Gaut (2013) found that only 0.33% of genes demonstrated a shift in gbM status from BM to UM (or vice versa). [These genes tend to be short (Takuno and Gaut 2013 ), but they are not enriched in our dataset of lineage-specific genes. The lack of enrichment may not be too surprising, however, given that MA lines are designed to evolve in the absence of selection.] Since DMR results and definitions vary across studies, some empirical studies are moving away from a reliance on DMRs toward studying methylation within annotation features (Panda et al. 2016) .
That said, our approach has limitations, too. First, our classification of gbM status as BM, IM and UM is probabilistic (Takuno and Gaut 2012) . Like all probabilistic approaches, the statistical power to categorize genes varies as function of the amount of data, in this case the amount of methylation data available for each gene. In turn, the amount of methylation data likely varies as a function of gene length and gene composition (i.e., CG, CHG and CHH content). There is thus an implicit bias toward defining long, CG-rich genes as BM. Despite this bias, however, most BM genes do not have enhanced CG-composition Gaut 2012, 2013) , very few genes (0.026%) have altered BM versus UM classifications when correcting for length by sampling 20 cytosines at CpG dinucleotides per gene (see "Materials and Methods" section), and our classification scheme identifies genes within the appropriate quadrants of a %mCG plot between species ( fig. 1) . The inclusion or exclusion of introns also has little impact, because 97.8% of genes remain in the same gbM category when introns are excluded from analysis. A second potential limitation of our approach is that we have chosen to disregard IM genes (i.e., genes with 0.05 P CG 0.95), because their gbM status is ambiguous. These could be considered as methylated genes under less stringent criteria, but at a cost of increased uncertainty. Finally, we have focused on a set of 9,221 genes with strict 1:1:1 orthology, which capture a unique and conserved subset of genes in the genome. It is possible that gbM is more labile among paralogs and new gene duplicates (Wang et al. 2016) . Note, however, that the benefit of our conservative approach is that we are likely to have identified bonafide orthologs that vary in gbM status.
Rates of Loss and Gain of gbM
Given the identification of genes that vary in gbM status between species, we estimated rates of gbM loss and gain, based on a 13-My divergence time between A. thaliana and A. lyrata (Beilstein et al. 2010 ). The estimated rates are low, on the order of 10 À9 per gene per year ( fig. 2) , which is similar to the per site rate of nucleotide substitution rates for plant genes ). These estimated rates are insightful for two reasons. First, we find that they are heterogeneous; the rate of gbM loss is significantly higher for A. thaliana than gbM gain ( fig. 2) . Consistent with this inference, previous work on A. thaliana MA lines has shown that the rate of methylation loss for individual CG methylation sites is higher than the rate of gain (van der Graaf et al. 2015) . In addition, previous interspecific comparisons have suggested that methylation loss rates are elevated in A. thaliana relative to gain (Seymour et al. 2014) . We cannot identify the cause(s) of this difference between loss and gain rates, but we note that gbM levels correlate with genome size-especially in the CHG and CHH contexts, but perhaps also in the CG context )-and that a correlation between genome size and CG methylation holds more generally (Lechner et al. 2013 ). These findings are pertinent because A. thaliana is thought to have experienced a lineage-specific reduction in genome size (Hu et al. 2011 ; table 1), which may partially explain the elevated rate of gbM loss relative to gain. Unlike A. thaliana, the estimates of rates of loss and gain do not differ from one another in A. lyrata, opening the possibility that the unequal gain versus loss dynamics in A. thaliana are atypical.
Second, our estimated rates may prove useful for generating expected frequencies of whole-gene epialleles in populations. That is, our estimates can be used to make predictions about the expected number of BM and UM genes under standard population genetic models. Thus far, intraspecific epigenomics data have yielded stunning observations like the tendency for genome-wide methylation levels to vary by latitude in A. thaliana (Dubin et al. 2015; Kawakatsu et al. 2016 ), but population epigenomic variation in A. thaliana has not been yet tested against explicit population models. This trend is changing, because the site frequency spectrum (SFS) of methylation polymorphisms can be used to estimate population parameters. Most of these parameters are confounded with epimutation rates (Vidalis et al. 2016) , so that separate estimates of rate may prove useful. To date, SFS methods have been applied only to individual cytosines; in the future, they need to be applied to regions (Vidalis et al. 2016 ) to test selection dynamics like the threshold model (Takuno and Gaut 2013) . A potential next step is to evaluate the frequency spectrum of BM and UM epialleles within the 1001 Epigenomes dataset (Kawakatsu et al. 2016) , in order to compare observed population variation to expectations based on our inferred, long-term loss and gain rates.
Properties of Genes with Shifting gbM Status
In addition to estimating the rate of gbM shifts, we have found that genes that shift in gbM status are a biased set among our $9,200 1:1:1 orthologs. On an average, lineagespecific genes tend to be shorter than conBM genes ( fig. 3) , and the lineage-specific orthologs tend to differ in length between species more than both conBM and conUM genes. The causes of the length differences between species remain puzzling. At least some of this length variance is due to intragenic insertions of TEs, because we have found detectable Takuno et al. . doi:10.1093 fig. S4, Supplementary Material online) .
This low percentage does not necessarily imply that TEs play a minor role in evolutionary shifts between UM and BM status, for three reasons. First, it is plausible that our TE annotations have missed small remnants of mostly deleted TEs; hence our 13% estimate is likely lower than the true value. Second, there is evidence that a TE insertion may alter the methylation environment of surrounding sequences, which then remains altered if the TE transposes (Stuart et al. 2016) . Hence, the epigenetic effects of a TE insertion may remain visible, even if the TE itself is not. Finally, flanking TEs could be implicated in UM to BM shifts even if they are not intragenic. The potential for flanking effects is particularly pertinent for those few lsBM genes that exhibit increased %mCHG or %mCHH. We find no evidence, however, that lsBM genes had a TE insertion closer to them than lsUM genes, on an average.
BM and UM genes represent biased sets of 1:1:1 orthologs in another sense, too, because they differ significantly in evolutionary rates. As we and others have shown, UM genes evolve more rapidly than BM genes Gaut 2012, 2013; Kawakatsu et al. 2016; Niederhuth et al. 2016 ), a fact that remains somewhat surprising given that methylated cytosines are mutagenic. Here we have extended that observation to show that the two genic sets are also differentiable on the basis of nucleotide polymorphism data in A. thaliana (fig. 5) ; BM genes have significantly lower diversity (p) and Tajima's D values, on an average. Together all of these observations suggest that BM genes are under stronger purifying selection than UM genes. The causes and effects of this negative selection with respect to methylation remain unknown, because many variables in addition to gbM-such as gene length and expression )-are also highly correlated with evolutionary rate.
Correlates with Gene Expression
If gbM associates with gene expression, we predicted that genes with different gbM states between species should exhibit exaggerated interspecific expression differences. Our results are both tantalizing and inconclusive. They are tantalizing because our basic prediction is correct. Genes that shift in gbM differ more in expression between species than conBM genes, and differ at roughly the same level as conUM genes ( fig. 4B ). They are also tantalizing because the direction of the shift is consistent with predictions, in that lsBM genes tend to have increased expression (fig. 4C ). That is, an lsBM gene in A. thaliana tends to have higher expression than its A. lyrata ortholog, and the lsBM gene in A. lyrata tends to have higher expression than its A. thaliana ortholog. The results are inconclusive, however, because these patterns are not always significant ( fig. 4C) .
One of our results-i.e., that conBM genes are highly conserved between species for gene expression ( fig. 4B )-is consistent with previous studies showing that BM genes tend to be house keeping genes (Zhang et al. 2006; Takuno and Gaut 2012) . It is also known that gbM genes tend to be constitutively expressed (Lister et al. 2008; Kawakatsu et al. 2016 ) and expressed more broadly than other genic classes, at least in A. thaliana (supplementary fig. S7 , Supplementary Material online).
To the extent that there is a relationship between gbM and gene expression, it remains difficult to disentangle cause from effect. Does differential gene expression cause differential gbM or vice versa? Unfortunately, we cannot yet answer this question fully. Previous studies have also identified an association between gbM variation and expression based on A. thaliana SNP and methylomic data (Schmitz et al. 2013; Dubin et al. 2015; Meng et al. 2016 ) and on cis-allelic expression (Steige et al. 2017) . The paper of Meng et al. (2016) is particularly enlightening because, although the variation in DNA methylation is tightly linked to genetic changes (SNPs), it documents that DMRs associate with shifts in gene expression independent of genetic variation at small subset of loci. There is thus growing evidence that differential methylation within genes is associated with shifts in gene expression, but probably only at a limited number of genes.
One explanation for these patterns is that gbM is a consequence, rather than a cause, of expression patterns (Roudier et al. 2009; Inagaki and Kakutani 2012) . Consistent with this view, recent work in rice has shown that methylation alterations occur after shifts in gene expression (Secco et al. 2015) . The alternative view is that gbM has some causative effect, if only minor, that somehow helps to buffer or control expression patterns. If shifts in gbM status within a gene are causal and typically detrimental, it provides an evolutionary explanation for gbM conservation for orthologs; it helps explain some of the apparent differences in purifying selection between UM and BM genes (fig. 5) ; and it explains the apparently ancestral state of genic (but not TE) methylation in eukaryotes (Feng et al. 2010; Zemach et al. 2010) . However, this model does not predict that a few plant species apparently exist quite happily without detectable gbM (Bewick et al. 2016; Takuno et al. 2016) . Might these species have chromatin modifiers and alternative epigenetic mechanisms that compensate for the lack of gbM?
The Puzzle of Gene Length
We end on the puzzle of gene length. As before Gaut 2012, 2013) , we have found that BM genes tend to be longer than UM genes. Although all of the length distributions are overlapping, lineage-specific genes tend to be midway in length between BM and UM genes ( fig. 3 ), and they also exhibit larger differences in length between species than either conBM and conUM genes. A relationship between gbM levels and gene lengths has been found in insect species, too, but length and methylation are negatively correlatedi.e., shorter genes tend to be more highly methylated (Zeng and Soojin 2010; Park et al. 2011; Flores et al. 2012; Wang et al. 2013 ). We do not know why these dynamics differ between plants and metazoans, but do note that other metazoans do not methylate their TEs and may also lack a CMT3 ortholog (Du et al. 2015) . In the future, it will be interesting to contrast the evolution, regulation and function of methylation between plants and metazoans in more detail.
Lineage-Specific Gene-Body Methylation in Arabidopsis . doi:10.1093/molbev/msx099 MBE Altogether, our observations suggest that gene length is an important criterion for the initialization of gbM. Interestingly, the targets of IBM1 tend to be long (Miura et al. 2009) , and these targets overlap with BM genes in A. thaliana (P ( 0.001 by a Fisher's exact test; target data from Miura et al. 2009 ), providing some confirmation of the CMT3-KYP loop model. Under this model, we speculate that gene length helps determine which genes are initially methylated through the feedforward loop; that this methylation helps shape patterns of gene expression; and that gbM is conserved in genes for which alterations in gene expression are most costly.
Materials and Methods
Whole Genome Bisulfite Sequencing
Total DNA for C. grandiflora leaves was isolated using the DNeasy Plant Kit (Qiagen). Approximately 2 lg of genomic DNA were sonicated to $100 bp using the Covaris S2 System and purified using Qiagen DNeasy mini-elute columns (Qiagen). The sequencing library was constructed using the NEBNext DNA Sample Prep Reagent Set 1 (New England Biolabs, Ipswich, MA) according to the manufacturer's instructions but using methylated adapters instead of the standard genomic DNA adapters. Ligation products were purified with AMPure XP beads (Beckman, Brea, CA), and eluted DNA was bisulfite treated using the MethylCode Kit (Invitrogen, Carlsbad, CA) following the manufacturer's guidelines, followed by PCR amplification using Pfu Cx Turbo (Agilent, Santa Clara).
Libraries were sequenced using the Illumina HiSeq 2500 as per manufacturer's instructions. Image analysis and base calling were performed with the Illumina pipeline version RTA 2.8.0. The DNA sample was spiked with unmethylated lambda DNA, which provided information to estimate the error rate of the bisulfite conversion. The raw sequencing data were deposited in the Short Read Archive Database under accession numbers: PRJNA356484. Whole genome BSseq data for A. thaliana leaves (Moissiard et al. 2014) were retrieved from NCBI SRA accession SRX528715 and A. lyrata shoot (Seymour et al. 2014) were retrieved from the European Nucleotide Archive (http://www.ebi.ac.uk/ena/) accession PRJEB6701. Unlike animals, DNA methylation varies little between most plant tissues, and hence leaf and shoot methylation profiles should be comparable. To illustrate that BSseq from different tissues are unlikely to be misleading, we compared BSseq data from A. thaliana leaves (Moissiard et al. 2014 ) and flowers (Lister et al. 2008) . Methylation levels were highly positively correlated across the 23,776 genes with enough BSseq coverage (r ¼ 0.984; P < 10 À5 by a permutation test). Across this set of genes, only 0.0883% of genes exhibited BM in one and UM in the other data set (or vice versa).
Bisulfite Sequence Mapping and Analyses
We checked the quality of short reads and the extent of adapter contamination using the software package FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Low-quality bases and adaptor sequences were trimmed using trimmomatic (Bolger et al. 2014) with options "LEADING:30 TRAILING:30 SLIDINGWINDOW:4:30 MINLEN:20". After trimming, the reads were aligned to reference genome using Bismark ver. 0.14.3 (Krueger and Andrews 2011), using default parameter setting and allowing from 1 mismatch at non-CG, CHG, or CHH sites. Quality trimmed reads were also aligned to the lambda genome in order to estimate the rate of conversion errors per library. Error rates were then used in a binomial test (Lister et al. 2008 ) that considers the contextspecific error rate when testing for significant evidence of methylation at each site. We used a significance threshold of two-tailed P value < 0.01 and tested sites were required to have > 2 aligned reads. Under these criteria, incomplete conversion rates were < 0.004 for all species and all three cytosine contexts.
Defining Body-Methylated Genes
We quantified the level of gbM for each genic region independently for CG, CHG and CHH contexts. We included genes for which > 60% of cytosine residues were covered by >2 BSseq reads and for which methylation information was available for !20 cytosines in the CG context. Using the CG context as an example, let p CG be the average proportion of methylated cytosine residues at CG sites across all genes. Following Takuno and Gaut (2012) , let n CG and m CG be the number of cytosine residues at CG sites with >2 coverage and the number of methylated cytosine residues at CG sites within a gene, respectively. Genic sites are located between the start and stop codon of a protein-coding gene and include both intronic and exonic sequences, but not flanking regulatory regions. Assuming a binomial probability distribution, the one-tailed P value for the departure of CG methylation level from the average value was calculated by
where P CG is a proxy of DNA methylation level. If P CG was low (< 0.05) in a gene, the coding region was more densely methylated than expected at random and the gene was termed body methylated (BM). Conversely, under-methylated genes (UM) constitute high P CG values (> 0.95). P CHG and P CHH were also calculated for CHG sites and CHH sites, respectively, for all genic regions. To examine whether our ability to classify BM and UM genes was affected by the number of CpG sites in a gene, we reclassified each gene after randomly sampling only 20 CpG sites from each. We found that >80% of genes were classified into the same categories in both data sets, with most of the remaining 20% of genes falling into the ambiguous IM category that we did not consider in analyses. Importantly, only 0.026% of genes shifted from being classified as BM in the original data to UM in the downsampled CpG data set (or vice versa), indicating that the number of CpG sites in a gene typically does not dictate its classification as BM or UM. Takuno et al. . doi:10.1093/molbev/msx099 
MBE
Ortholog Identification
We inferred orthologous relationships among A. thaliana (TAIR9), A. lyrata (Filtered Model 6), and C. grandiflora (v1.0) using i-ADHoRe software (ver. 3.0; Proost et al. 2012) . BlastP was performed with E < 10 À5 for the initial screening. Homologous gene pairs whose alignments covered ! 50% of the gene length in both directions were retained. Synonymous divergence (K S ) was calculated for all gene pairs using the Nei and Gojobori method (Nei and Gojobori 1986) after alignment by ClustalW2 (Larkin et al. 2007 ). For each pair of taxa, we examined the distribution of K S. As a first filter to remove potentially paralogous homologs, we defined the minimum and the first peak value of this K S distribution to be k 0 and k p , respectively, and then discarded homologous gene pairs with K S > 2k p Àk 0 . Thus, we retained gene pairs with K S < 0.25 for the A. thaliana-A. lyrata pair, and those with K S < 0.45 for the Arabidopsis-Capsella pairs. The second filter was to submit the remaining homologous pairs as queries for i-ADHoRe (Proost et al. 2012) , which identifies collinear gene orders. i-ADHoRe was submitted with both the gap size and the minimum number of homolog anchors set to seven genes and also with a P value cutoff of 0.001. Even with these two strict filters, tandemly duplicated genes could lead to ambiguous inference of orthologs. To avoid misassignment of tandemly duplicated genes, we excluded tandem duplications with K S < 0.25 from the query of the A. thaliana-A. lyrata pair, and those with K S < 0.4 from the query of the Arabidopsis-Capsella pairs. Ultimately, we obtained 9,792 1:1:1 orthologs in the three species, for which 9,221 had sufficient methylation data to test gbM.
Identification of TEs
To annotate TEs in each species, we first ran RepeatModeler (ver. 1.0.8) to generate species-specific libraries, using RMBlast as a sequence search engine. The obtained consensus repeat sequences were added to the MIPS repeat library (ver. 9.3; http://pgsb.helmholtz-muenchen.de/plant/recat/). Then, we ran RepeatMasker (ver. 4.0.5) against the combined libraries. RepeatMasker identified genomic regions that have homology to TEs. We filtered out some potential TEs such that (1) if a potential TE covered < 70% of the total length of repeats in the used repeat library or (2) if nucleotide divergence was >20% from exemplars in the repeat libraries. In total, we found 5,389 and 17,529 TEs in A. thaliana and A. lyrata, respectively.
RNA-Seq Analysis
We used RNA-seq data from A. thaliana and A. lyrata shoots (accession number: PRJEB6701 at the European Nucleotide Archive; Seymour et al. 2014 ). After trimming low-quality bases and adaptor sequences using trimmomatic (Bolger et al. 2014) , as outlined for the bisulfite sequence analysis, the reads were aligned to A. thaliana or A. lyrata cDNA sequences using bwa (ver. 0.7.12; Li and Durbin 2009) . Multiply mapped reads were excluded from further analysis. We then calculated RPKM (Reads Per Kilobase of transcript per Million fragments sequenced) for each gene as an indicator of expression level. As mentioned in the text, we focused on genes with log 10 RPKM ! 0.01 in both A. thaliana and A. lyrata.
Population Genomic Analysis
We used genome-wide DNA polymorphism data from 80 A. thaliana accessions (Cao et al. 2011) to assess the strength of selective constraint. Data was downloaded from the 1001 genomes project (http://1001genomes.org). For calculations of synonymous nucleotide diversity (Tajima 1983 ) and Tajima's D (Tajima 1989) , codons were required to meet the following criteria: 1) all codon positions have complete data in ! 60 accessions, 2) no accession contains a premature stop codon, and 3) all codon positions are mono-or biallelic. We calculated synonymous nucleotide diversity using the Nei and Gojobori method (Nei and Gojobori 1986) for each gene, after excluding start and stop codons. We excluded genes if they had < 100 bp of synonymous sites or potentially synonymous sites, as defined by Nei and Gojobori (1986) . We also calculated nucleotide diversity and Tajima's D in introns. We used intronic sites if a site had complete data in !60 accessions and was mono-or biallelic.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
